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Editor: OuyangWeiNitrate leaching from outdoor pig production is a long-standing environmental problem for surface and ground-
water pollution. In this study, the effects of inclusion of poplar trees in paddocks for lactating sows on nitrogen
(N) balances were studied for an organic pig farm in Denmark. Vegetation conditions, soil water and nitrate dy-
namicsweremeasured in poplar and grass zones of paddocks belonging tomain treatments: access to trees (AT),
no access to trees (NAT) and a control without trees (NT), during the hydrological year April 2015 to April 2016.
Soil water drainage for each zone, simulated by two simulation models (CoupModel and Daisy), was used to es-
timate nitrate leaching from the zones in each paddock. N balances (inputminus output) for the treatmentswere
computed and compared.
The results showed that, in terms of annual water balance and regardless of treatment, simulated evapotranspi-
ration of poplarwas 560–569 and 489–498mm for CoupModel andDaisy, respectively, and corresponding evapo-
transpiration of grass-clover was 250 and 400 mm, against precipitation of 1076 mm. Simulated drainage below
the root zone varied as 620–723mm forDaisy and 568–958mm for CoupModel, the higher end of the latter being
probably overestimated. Annual nitrate leaching ranged from 32 kg N ha−1 in the poplar zone of NAT up to
289 kg N ha−1 in the control grass zone of NT. The poplar zone showed signiﬁcantly lower nitrate leaching, by
75–80%, compared to the grass zone. For the control NT treatment, nitrate leaching was approximately 50%
higher in the grass zone closest to the hut compared to the grass zone further away. NT treatment also had the
largest surface N balance of 468 kg N ha−1 compared to 436 and 397 kg N ha−1 for AT and NAT, respectively.
When N losses by leaching and volatilisation were included, soil N balances were 118, 157 and 113 kg N ha−1Keywords:
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Soil nitratevski), malene.jakobsen@agro.au.dk (M. Jakobsen), anneg.kongsted@agro.au.dk (A.G. Kongsted), petrosgeor@ign.ku.dk
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1449K. Manevski et al. / Science of the Total Environment 646 (2019) 1448–1458for AT, NAT andNT, respectively. Overall, the two simulationmodelswere found useful tools for analyses ofwater
balance for complex agroforestry systems. The ﬁndings collectively suggest that it is possible to decrease nitrate
leaching from outdoor pig production on sandy soils by inclusion of poplar trees. Additional measures are never-
theless needed to reduce N losses on a mean area basis in paddocks with 20% tree cover.
© 2018 Elsevier B.V. All rights reserved.1. Introduction
Compared to conventional indoor pig farming, outdoor pig farming
meets the behavioral requirements of the pigs (Thorslund et al.,
2017), whereas lower stocking density and access to organic roughage
are suggested to contribute to the low use of antibiotics in organic pro-
duction (Bonde and Sørensen, 2004). However, livestock farming is a
potential source of reactive nutrients, especially of nitrogen (N), to the
environment, and outdoor organic pig farming is no exception. Thema-
nure excreted by the pigs is unevenly distributed in the paddocks, creat-
ing accumulation of N in relatively small areas, so called ‘hotspots’
(Eriksen et al., 2006a). These hotspots contain substantial amounts of
N and a wide range of 137 to 626 kg N ha−1 have been reported, de-
pending on stocking density, animal group and vegetation cover
(Eriksen and Kristensen, 2001; Eriksen et al., 2002; Eriksen et al.,
2006b; Jørgensen et al., 2018; Williams et al., 2000; Worthington and
Danks, 1992). The surplus of N in the soil can potentially be leached,
volatilised/denitriﬁed, taken up by plants or built into the soil organic
pool, and the prevalence of these pathways largely depends on the
local pedo-climatic conditions. For sandy soils under temperate climate
with highwinter rainfall, nitrate leaching is of concern as it is the largest
contributor of N found in the surface- and groundwater (Halberg et al.,
2010; Hashemi et al., 2016).
Reducing the stocking density and adjusting the level of dietary nu-
trients have been reported to decrease nitrate leaching in outdoor pig
farms (Stauffer et al., 1999; Webb et al., 2014), though production and
competitiveness on the market may also be compromised. Another rel-
evant factor for decreasing nitrate leaching is vegetation cover.Williams
et al. (2005) reported about 50% lower leaching from paddocks with
grass (137 kg N ha−1) compared to stubble (235 kg N ha−1) on outdoor
pig farms in the UK. Grasses are efﬁcient in N uptake due to their fast re-
growth after grazing and already developed root system. However,
there is a risk of grass cover destruction due to pigs' treading and rooting
behaviour (Eriksen et al., 2006b). Partly destroyed grass takes up less N
during the main growing season and may exacerbate the situation the
following year due to mineralisation of residues in spring
(e.g., Pugesgaard et al., 2017). Regular moving of the huts and the feed-
ingplace in the range areawhere thepigs reside andexcretemay lead to
a more uniform nitrogen distribution and thereby decrease pressure on
the grass cover (Eriksen et al., 2002). However, this does not always re-
sult in decreased nitrate leaching, as found in Quintern and Sundrum
(2006). Moreover, soil mineral N, hence the risk for nitrate leaching,
has been reported as independent of grass cover (Eriksen et al.,
2006b), prompting for additional strategies to be investigated.
Silvopastoral agroforestry, i.e. combination of trees and grasses in
the same ﬁeld for grazing animals, might be a viable option because
the excretory behaviour of the pigs is inﬂuenced by type and position
of the various resources in the paddock (Eriksen et al., 2002; Quintern
and Sundrum, 2006). Horsted et al. (2012) found that growing pigs per-
formed 50% of all excretory behaviour in a zonewithwillow (Salix spp.),
despite this zone accounting for only 15% of the available outdoor area
in the paddocks. Trees such as willow and poplar (Populus spp.) can rel-
atively easy be incorporated into silvopastoral agroforestry systems for
several reasons. Firstly, they are fast growing perennial plants and, de-
pending on the desired end product and the local climatic conditions,
they can be managed/coppiced for rotation periods of 2–6, 10–15 or
25–40 year. Secondly, their root system is deep and extensive, hasmoderate soil water requirement and free draining and moist soils
abundant under temperate wet climate make them attractive candi-
dates (Bungart and Hüttl, 2004; Petzold et al., 2011). In addition, their
hardy wood stem is difﬁcult to be damaged by the pigs, thus, their
growth is much less compromised, compared to grass (Horsted et al.,
2012; Jørgensen et al., 2018). Under North European pedo-climatic con-
ditions, poplars and willows are able to reduce annual nitrate leaching
for N70% if the land use is changed from cereal crops that on sandy
soils in Denmark are estimated to leach N70 kg N ha−1 (Hermansen
et al., 2017; Pugesgaard et al., 2015). To authors' knowledge, no studies
have quantiﬁedwhether and to which extent silvopastoral agroforestry
in outdoor pig production affects nitrate leaching.
The overall objective of the present study was to quantify nitrate
leaching in individual paddocks with pigs, lactating sows, with and
without access to poplar trees relative to a control treatment with no
trees, as well as to estimate soil water and N balances (inputs minus
outputs), for an organic pig farm on sandy soil in Denmark. Nitrate
leaching was determined from measured soil nitrate concentrations
and with the aid of two simulation models for one full hydrological
year involving the grazing period of spring-summer with sows and pig-
lets, as well as the autumn-winter-spring period afterwards. It was
hypothesised that nitrate leaching is lower in areas with poplars com-
pared to areas with grass, due to a higher N uptake by the trees prior
to and during the leaching season.
2. Materials and method
2.1. Study area and experimental design
The study was carried out on a private outdoor organic pig farm lo-
cated in Brørup, southern Denmark (55°34′38″ N, 8°59′36″ E). The site
has a coarse sandy soil with an average of 4% clay, 5% silt, 89% sand,
and about 2% organic matter content in the topsoil (0–25 cm). The ex-
periment included 21 paddocks randomly grouped in three main treat-
ments (thus with seven paddocks, i.e., replicates per treatment): access
to trees (AT), no access to trees (NAT) and a control with no trees (NT).
The control was designed to represent common practice in outdoor or-
ganic pig farming in Denmark. The paddocks with trees were
established next to each other on a grass-clover (Lolium perenne–Trifo-
lium repens) ﬁeld and measured 10 × 33 m, with 10 × 6 m (20%) occu-
pied by two rows of poplar trees, either non-fenced (in AT) or fenced (in
NAT; see Fig. 1). Nearby on another grass-clover ﬁeld, the control pad-
docks (NT) measuring 12 × 27 m were established next to each other.
In order to facilitate interpretation of results, zones were observed in
each paddock: a grass zone, as well as a poplar zone in AT and NAT pad-
docks, and a control grass zone in the NT paddocks, as illustrated on
Fig. 1.
2.2. Animals and plants management
Each of the 21 paddocks was occupied by a sow (Sus scrofa
domesticus, Landrace × Yorkshire cross) with, on average, 11.4 piglets
per sow. The experiment lasted from April 2015 to April 2016 and in-
cluded two replicates, i.e., batches of sows, each with 21 snout ringed
sows. The ﬁrst batch occupied the paddocks from May to July 2015
(53 days) and the second batch from August to October 2015
(50 days). Each batch was stratiﬁed by parity into seven groups of
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Fig. 1. Scheme of the experimental paddocks and the main treatments in outdoor organic pig farm in Denmark. Scheme not to scale.
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farrowing, followed by seven-weeks lactation. The farrowing huts (A-
frame huts with a basis measuring 4.2 m2) were placed directly on the
ground and supplied with straw. The sows were provided with an indi-
vidual feed trough of 0.6 × 0.6 m and two neighboring sows shared a
water trough of 1.0 × 0.4 × 0.2 m. The paddocks were fenced by a
one-strand electriﬁed wire that kept each sow within its paddock, but
allowed piglets to move below the fence and roam freely between pad-
docks and in the surroundings and eventually to come back to feed and
sleep in the hut with their mother. The sows were provided with a wal-
lowwhen the air temperature increased above 15 °C. Sowswere fed in-
dividually, once a day with a standard feed mixture (crude protein
content of 14.3%). The amount of feed for each sow was recorded by
the farmer.
For the paddocks with trees, poplar clones OP42 (P. maximowiczii
(Henry) × P. trichocarpa (Torr. et Gray), Taeroe et al., 2015) were
planted in 2011 at planting density of 1000 stems ha−1 in double
rows and a row distance of approximately 3m. At the start of the exper-
iment, the trees reached 4-years age. The trees had not been pruned
prior to the experiment, nor received any fertiliser. In year 2014 before
the experiment, spring barley (Hordeum vulgare) with undersown
grass-clover (Lolium perenne L. - Trifolium repens L.) was cultivated
and the grass-clover was left on the ﬁeld after the barley harvest. As
the experiment was conducted on a certiﬁed organic farm, there was
no use of synthetic pesticides or fertilisers.
2.3. Field measurements
Number and height of the poplar trees, as well as height, coverage
and composition (percent-wise contribution of grass and clover) of
the grass-clover were measured in each paddock during the batch pe-
riods, the latter two determined by visual estimates of a trained ob-
server from the start of the experiment when the grass-clover had
reached full coverage. Soil water content (volumetric) was measured
with time domain reﬂectometry (TDR) and by applying a calibration
equation developed for Danish soils (Jacobsen and Schjonning, 1993).
The TDR probes were installed in four paddocks per treatment in the
poplar zone and the grass zone (see Fig. 1). The probes were installed
in pairs vertically down to 0.25, 0.5 and 1 m depth from the surface.
Soil water content was measured two to three times monthly from Au-
gust 2015 until May 2016, except for the control NT treatment where
measurements were performed until April 2016. Samples of soil water
solution were collected at 1 m depth using porous ceramic cups(K100, UMS GmbH, Munich, Germany) installed in duplicates in the
middle of the poplar and the grass-clover area in each paddock. From
June 2015 until April 2016, soil water samples were collected every sec-
ond to thirdweek by applying approximately 80 kPa suction on the cups
2–3 days prior to sampling. The nitrate concentrationswere determined
colorimetrically (Best, 1975).
2.4. Modelling water balance and nitrate leaching calculation
Water ﬂuxes were modelled with two models, CoupModel (ver.
5.3.1.1) and Daisy (ver. 5.19), to minimise potential bias by single
model and/or modeler. Both are fairly detailed and one-dimensional,
deterministic and hydrological coupled heat-energy process-based
models able to estimatewater ﬂuxes in a soil-plant-atmosphere system.
For both models, the water balance comprises ﬂuxes at the surface and
in the soil, where the atmosphere and the groundwater constitute the
system boundaries. The surface ﬂuxes considered are precipitation
(and irrigation, if any; gain), and evapotranspiration (and surface run-
off, if any; losses), whereas soil ﬂuxes are deep percolation (drainage;
loss) or capillary rise (gain). Soil water dynamics, hence drainage, are
modelled by a numerical solution of the Richards's equation. Evapo-
transpiration is described by the potential evapotranspiration concept
according to the FAO Penman-Monteith equation (Allen et al., 1998)
and a crop coefﬁcient. Further details about the models are available
elsewhere (e.g., Hansen et al., 2012; Jansson and Karlberg, 2011).
Input ﬁles necessary to run the models include daily weather data
and soil and plant information. For weather, data on air temperature
(°C), solar radiation (W m−2), wind speed (m s−1), relative humidity
(%) and precipitation (mm) were obtained for the period January
2014 until December 2016 from the gridded national database of the
Danish Meteorological Institute. Precipitation data were corrected to
soil surface for possible inﬂuence fromwind,wetting or evaporation ac-
cording to Allerup et al. (1997), adding 10–12% on average to the raw
precipitation data. For soil information, texture and organic matter con-
tent were parameterised according to the default description for coarse
sandy soils in Denmark available in the Daisymodel library (Table 1).
For plant information, CoupModel has previously been used in stud-
ies with poplar (Georgiadis et al., 2017), whereas the “permanent” veg-
etation module described by Boegh et al. (2009) was used for Daisy.
Although developed for water balance calculations, this module has
not been used for simulating poplar. Thus, a global sensitivity analysis
was ﬁrst conducted by the screening method of Morris (1991) in
order to determine parameters for calibration. More information and
Table 1
Soil physical properties for the experimental site inDenmark used inCoupModel andDaisy.
Soil property 0–30 cm 30–100 cm
Clay (%) 3.8 2.8
Silt (%) 7.2 2.3
Sand (%) 86.7 94.5
Organic matter (%) 2.3 0.4
Dry bulk density (g cm−3) 1.5 1.5
Carbon-nitrogen ratio 13 14
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mentary information (Description S1, with associated Fig. S1 and
Table S1). For both models, the description of poplar and grass-clover
contained data of leaf interception capacity, minimum transpiration re-
sistance and root depth, with respective values of 0.1mm, 30 sm−1 and
1.0 m for the poplar, and 0.1 mm, 1.0 s m−1 and 1.0 m for the grass-
clover (Bloemen et al., 2017; Georgiadis et al., 2017; Jones et al.,
2017). The height of the plants was set according to themeanmeasured
values. Both models also need input on leaf area index (LAI) develop-
ment, which vary across the year in broadleaved trees such as poplar.
Maximum LAI values are observed during summer and minimum LAI
values during winter and early spring as growth ceased once light and
temperature requirements are no longer satisﬁed (Guidi et al., 2008;
Liberloo et al., 2006; Zenone et al., 2015). In the current study, LAI vari-
ation across the year for poplar was estimated by considering a simple
distribution based on Zenone et al. (2015) and visual observations at
the experimental site, whereas that of grass-clover was based on the
grass-clover coverage measurements during summer, assuming maxi-
mum LAI of 2, and decreasing values to 0.5 thereafter (see Fig. S2 in
the Supplementary information).
The models were calibrated for each zone in all paddocks withmea-
sured soil water content (Fig. 1). CoupModelwas calibratedmanually by
altering the soil hydraulic parameters (see Table S2 in the Supplemen-
tary information), whereasDaisywas calibrated by a generic differential
evolution algorithm available in Daisy-R platform (Jabloun et al., 2014),
which uses the DEoptim function in “DEoptim” package of R. For both
models, optimisation criterion was to minimise the root mean squared
residuals (RMSR) between simulated and measured water contents at
the three soil depths. The simulated daily drainage for each model was
used to calculate nitrate leaching for the poplar zones, the grass zones
and the control grass zones (Fig. 1). For the paddockswithoutmeasured
soil water contents (thus, withoutmodel setup), the simulated drainage
from theother paddocks of the same treatmentwas used to calculate ni-
trate leaching, whereas for the control grass zone of the NT paddocks
(also without measurements of soil water content), drainage simulated
for the grass zone was used. The soil nitrate concentrations were inter-
polated between measurement dates according to the percolation-
weighted concentration method similar to that of Lord and Shepherd
(1993) in order to obtain daily nitrate leaching [(mg l−1 = mg dm−3)
× (mm × 10 =m3 ha−1) × 0.01 = kg ha−1]. Daily nitrate leaching, as
well as evapotranspiration and drainage, were accumulated to annual
from 1 April 2015 until 31 March 2016.
2.5. Data analysis and statistics
The effects of poplar trees and access to trees on annual evapotrans-
piration, drainage and nitrate leaching were analysed statistically for
each simulation model (CoupModel and Daisy). The nitrate leaching
was modelled using a gamma generalised linear mixed models with
identity-link (Jorgensen et al., 1996) and a ﬁxed effect representing
the combinations of treatment, zone and prediction model, and a ran-
dom component designed to account for the dependency between ob-
servations from the same paddock (for details see Description S2 in
the Supplementary material). The means of the predictions of nitrates
leaching obtained by the two simulation models were inferred for
each combination of treatment and zone by deﬁning a suitable contrastin the gamma mixed model. Neither the evapotranspiration nor the
drainage predictions could be adequatelymodelled by a generalised lin-
ear mixed model deﬁned with a standard probability distribution.
Therefore, nonparametric Kruskal-Wallis tests were used to compare
evapotranspiration and drainagemedians of the different combinations
of treatment and zone (separate analyses were made for the two simu-
lation models and their median). The conﬁdence intervals for the re-
ported medians of evapotranspiration and drainage were inferred
using non-parametric bootstrap (with 10.000 bootstrap samples). The
analyses were conducted in R (R Core Team, 2013), speciﬁcally with
the packages “lme4” for adjusting generalised linear mixed models
and “pairwiseComparisons” (Labouriau, unpublished) for making infer-
ences on the contrasts, performing post-hoc analyses and calculating
Wald and bootstrap conﬁdence intervals. The p-values used in the
post-hoc analyses were adjusted for multiple comparisons using the
false discovery rate method (Benjamini and Yekutieli, 2001).
2.6. Nitrogen balance
Surface N balance (kg N ha−1) was estimated at paddock level for
each treatment as the difference between input and output (Nielsen
and Kristensen, 2005):
Surface balance ¼ Ninputs feed; straw; fix; atmð Þ−Noutput pigð Þ ð1Þ
where feed is the measured mean feed (Table 2) with assumed 14.3%
crude protein with 16% N, straw is N from straw provided to the huts
with 5 kg N ha−1 (Nielsen and Kristensen, 2005), ﬁx is biological N ﬁx-
ation by the grass-clover of 30 kgN ha−1 (Jakobsen et al., 2015) and atm
is atmospheric deposition of 16 kg N ha−1 (Halberg et al., 2010).
The output pig is N in weaned piglets with assumed 25 g N kg−1
(Poulsen and Kristensen, 1997) and calculated according to the mea-
sured number of piglets (Table 2). Soil N balance was calculated as Sur-
face balanceminus the sumof N losses by leaching, ammonia (NH3) and
nitrous oxide (N2O) emissions from grazing and crop residues, nitrogen
oxides (NOX) and dinitrogen (N2), estimated using emission factors
(Table 3). N loss due to surface runoffwas disregarded as the soil surface
was ﬂat (b2% slope).
3. Results
3.1. Weather characteristics
Compared to the long term (1985–2014) annual mean of 8.5 °C and
1074 mm for temperature and precipitation, respectively, years 2015
and 2016 were warmer, with corresponding temperatures of 9.1 and
9.2 °C, and 2015 was wetter (1150 mm) than 2016 (767 mm). From
April 2015 to April 2016, however, precipitation was very close to the
long-termmeanof 1075mm. The otherweather variables, i.e., global ra-
diation,wind speed and relative humidity of 3730 and 3756MJm−2, 4.8
and 4.2 m s−1, and 84.4 and 84.7%, for 2015 and 2016, respectively, did
not differ much from the corresponding long term means of
3580 MJ m−2, 4.2 m s−1 and 84%.
3.2. Plant and soil observations
In the poplar zone of AT and NAT treatments, the number of trees
varied between ﬁve and six, though in few paddocks only three to
four trees were present (Fig. 2). The height of the trees also varied be-
tween 5 and 7.8 m. Both AT and NAT treatments had, on average, ﬁve
trees with similar height of about 6 m. In all treatments, grass-clover
coverage was about 90% fromMay until September 2015, being slightly
higher in NT compared to AT and NAT treatments (Fig. 3). Grass-clover
coverage started to decline from September to October, coinciding with
the timewhen the second batch of sows left the paddocks. Grass-clover
height followed similar dynamics as coverage, being higher in NT
Table 2
Weight and feed of the piglets in the experiment. Values in brackets denote standard deviation of themean. Piglets number and weight were measured per batch and treatment, thus no
measure of variation is reported.
First batch (53 days) Second batch (50 days)
Access to trees (AT) No access to trees (NAT) No trees
(NT, control)
Access to trees (AT) No access to trees (NAT) No trees
(NT, control)
Feed
(kg sow−1 day−1)
8.9 (5.1) 8.8 (4.8) 8.9 (4.8) 7.2 (3.7) 6.7 (3.8) 7.3 (3.6)
Number of piglets 73 70 80 75 83 74
Piglets weight (kg piglet−1) 13.2 15.0 11.1 10.7 11.7 10.4
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ment differences leveled off with a decreasing trend (Fig. 3).
The soil water content measured at three depths (0.25, 0.5 and 1m)
are shown in Fig. 4. Overall, the dynamics followed the rainfall events
and were similar between zones and treatments. Somewhat higher
soil water contents were observed in the grass zone compared to the
poplar zone. In the poplar zone, soil water content was consistently
higher for AT (13–22 vol%) compared to NAT treatment (8–16 vol%),
which was particularly evident at 0.5 and 1 m depths. The highest soil
water content of 18–22 vol% was observed in December 2015 and
April 2016. In the grass zone, AT and especially NAT had lower soil
water contents compared to NT, and this was especially evident at
1 m depth throughout most of the study period. The highest soil water
contents in the grass zone of 18–24 vol% were observed for AT and NT
in September and November 2015, i.e., following rainfall events (Fig. 4).
Soil nitrate concentrations measured at 1 m depth responded mark-
edly to treatment by exhibiting different magnitude and characteristic
peaks linked to high drainage, i.e. downward transport of soil nitrate.
However, the time and the magnitude of the peaks differed in relation
to treatment. In the poplar zone, AT and NAT treatments illustrated sim-
ilar dynamics of nitrate concentrations with consistently low magnitude
(between1 and10mgNO3-N l−1) from June toNovember (Fig. 5). There-
after, nitrate concentrations increased to about 23 and 11 mg NO3-N l−1
for AT and NAT, respectively, and the peak for AT occurred earlier com-
pared toNAT. For the control NT treatment, nitrate concentrations in con-
trol grass zone (closest to the hut) were higher from the beginning and
more variable, rising to almost 200mg NO3-N l−1 in some paddocks dur-
ing November–December 2015, before steadily decreasing in all pad-
docks. In the grass zone, there were opposite trends in the magnitude
of nitrate concentrations between treatments: the treatments with
trees (AT, NAT) hade higher values compared to the control (NT) and
steadily increased from June until December 2015, reaching about
55–65 and 37–44 mg NO3-N l−1, for AT and NAT, respectively. In the
grass zone of NT treatment, however, low nitrate concentrations of
10–14 mg NO3-N l−1 were measured, except for the winter peak of
27 mg NO3-N l−1, on average.3.3. Simulating soil water dynamics, evapotranspiration and drainage
The two calibratedmodels were able to reproduce themeasured dy-
namics of soil water content at various depths (Fig. 6). The simulationsTable 3
Factors for estimation of emissions from the organic pig farm in Denmark.
Type Source Amount
NH3-N Grazing kg N ha−1 year−1 in feed
Crop residues kg N ha−1 year−1
N2O-N direct Grazing kg N deposited at pasturea
Crop residues kg N ha−1 year−1 in crop residu
NOx Nitrogen oxides kg N ha−1 year−1
N2-N direct Manure kg N ha−1 year−1 in manurea
Crop residues kg N ha−1 year−1 in crop residu
a Calculated as feed− pig+ grass-clover uptake by sow, the latter assumed from 500 kg ha−
23 kg N ha−1.
b Calculated as 206 kg N ha−1 total (above- and belowground) using allometric relations.were satisfactory for 0.5 m depth (mean observed = 14.2%, mean
simulated = 14.4 and 14.3 vol% for CoupModel and Daisy, respectively)
and 1 m depth (mean observed = 14.2 vol%, mean simulated = 14.1
and 14.7 vol% for CoupModel and Daisy, respectively), whereas the
models were less accurate for 0.25 m and tended to slightly to moder-
ately underestimate the measured soil water contents (mean
observed = 16.2 vol%, mean simulated = 12.9 and 15.6 vol% for
CoupModel and Daisy, respectively). However, the difference between
measured and simulated soil water contents across the whole soil pro-
ﬁle was relatively small (mean observed = 14.5 vol%, mean simulated
= 13.9 and 13.8 vol% for CoupModel and Daisy, respectively), with
RMSR of 3.1 and 3.6 vol% for CoupModel and Daisy, respectively.
Evapotranspiration and drainage were simulated by CoupModel and
Daisy per zone and treatment, and their medians are shown in Table 4.
Overall, both simulation models, as well as the median of the two
models, showed higher evapotranspiration and lower drainage for pop-
lar compared to grass-clover. CoupModel yielded consistent and signiﬁ-
cant median differences in relation to crop, with higher
evapotranspiration (560–569 mm) and lower drainage (565–576) for
poplar compared to grass-clover (251–255 for evapotranspiration and
956–957 mm for drainage). Similarly, Daisy simulated evapotranspira-
tion for poplar (489–498 mm) was signiﬁcantly higher than that of
grass-clover (405–433 mm), whereas poplar drainage (628–635 mm)
was signiﬁcantly lower than grass-clover drainage (about
702–726mm). Also, for the grass zone, Daisy simulated evapotranspira-
tion and drainage for the control NTwere signiﬁcantly different than for
the other treatments. The median results of the two models showed
about 525–534 mm evapotranspiration and about 590–607 mm drain-
age for poplar, whereas corresponding values for grass-clover were
328–344 mm and 829–841 mm, with variation attributed to the main
treatment (Table 4).3.4. Nitrate leaching and nitrogen balances
Overall, themean nitrate leaching, modelled by gamma-distribution
linear mixed effects model, was signiﬁcantly lower in the poplar zone
compared to the grass- and control grass zones for both simulation
models and all treatment (Table 4). For the poplar zone, both models
and their mean agreed for somewhat higher leaching in AT compared
to NAT, though differences were insigniﬁcant. However, leaching was
several-fold lower in the poplar zone compared to the grass zone. InFactor Reference
0.13 Eriksen et al. (2002)
0.5 Gyldenkaerne and Albrektsen (2008)
0.02 IPCC (2006)
esb 0.01 IPCC (2006)
NH3-N/88 ∗ 12 Nemecek and Kägi (2007)
0.06 Vinther and Hansen (2004)
esb 0.03 Vinther and Hansen (2004)
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Fig. 2.Measured number and height of poplar trees in individual paddocks for treatments access to trees (AT) and no access to trees (NAT) at the start of the experiment in May 2015.
Values are means of seven paddocks per treatment, error bars show the standard error of the mean.
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and NT, but differences were only signiﬁcant for theDaisymodel results
that reported lower leaching inNT compared to NAT and AT treatments.
Estimated N balances (kg ha−1) for each of the three treatments are
presented in Table 5. Import of N in feed was the major input in all
three balances, although it was slightly reduced for AT and NAT with
576 and 564 kg N ha−1 for AT and NAT, respectively, compared to
the NT (600 kg N ha−1). The number of weaned piglets was lower in
NT compared to AT and NAT and, combined with a higher feed input,
this resulted in 28% exported N for the control NT treatment, compared
to 30 and 36% exported N for the AT and NAT treatment. The surface N
balance was larger for the NT treatment (468 kg N ha−1) compared to
the AT (436 kg N ha−1) and the NAT (397 kg N ha−1) treatments.
When losses by leaching, denitriﬁcation and volatilisation were
accounted for, soil N balances were positive for all treatments and did
not differ markedly between the treatments, though NAT had the larg-
est value compared to AT and NT that were similar with each other
(Table 5).
4. Discussion
4.1. Nitrogen leaching from the studied silvopastoral agroforestry systems
The risk for nitrate leaching is one of the main arguments against
outdoor pig production. Overall, this study reports high nitrate leaching
values in the grass zones (Table 4), despite high cover of grass-clover
during sow occupation (Fig. 3). Outdoor pig farming studies under the
same or similar pedo-climatic conditions also show high nitrate
leaching of up to 200 kg N ha−1 (e.g., Eriksen et al., 2002; Williams
et al., 2000). Taken as a weighted mean of the poplar and the grassCo
ve
r w
ith
 g
ra
ss
-c
lo
ve
r 
(%
)
NAT
AT
NT
0
20
40
60
80
100
Fig. 3.Measured canopy cover and height of grass-clover for treatments access to trees (AT), no
during May–July 2015 and August–October 2015. Values are means of seven paddocks per treazones as an approximation for the paddocks, the largest leaching of
206 kg N ha−1 was obtained for the control NT treatment, whereas
175 and 101 kg N ha−1 were estimated for the AT and the NAT treat-
ments, respectively. This corresponded to 34, 18 and 30% of the feed
input, for NT, AT andNAT, respectively. These results indicate that inclu-
sion of poplar trees in paddocks for lactating sows bare potential to re-
duce nitrate leaching. However, it should be mentioned that a paddock
level values for nitrate leaching are uncertain as 20% of tree cover (as in
the present study) is probably not enough to reduce losses on a mean
area basis. Additional management strategies are needed, e.g. reduction
in stocking densities (Jørgensen et al., 2018), and/or a larger tree area
combined with harvesting of leaves during summer or autumn to in-
crease poplar nutrient uptakes.
Inclusion of poplars in outdoor pig production is a relatively new
method driven primarily by the increased and concurrent need for bio-
mass for bioenergy in Europe (Jørgensen et al., 2018). The nitrate
leaching for the poplar zone in the AT treatments did not differ signiﬁ-
cantly from that in theNAT treatments. The presence of poplars reduced
the soil nitrate concentrations throughout the entire year compared to
the control (Fig. 5). Measurements of soil mineral N (0–50 cm) during
autumn after sow occupation showed comparable values in the zones
with trees and the zones with grass-clover (Jakobsen et al., 2018).
Given the correlation between autumn soil mineral N and potential ni-
trate leaching that some studies found (e.g., Williams et al., 2005), the
poplars probably took up soil nitrate effectively: 5–7 Mg DM ha−1 pop-
lar biomass with N content of 10 mg g−1 DM (3 and 7 mg N g DM for
stem and braches, respectively), as approximated from Georgiadis
et al. (2017), equates to 50–70 kg N ha−1 taken up by the poplars.
While future studies may accurately measure N uptake by poplars and
grass-clover in organic pig farms, the results support the hypothesisH
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Fig. 4.Measured soil water contents for treatments access to trees (AT), no access to trees (NAT) and control (NT) throughout the experiment, with sow occupation duringMay–July 2015
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clover, due to a higher N uptake by the trees prior to and during the
leaching season.Poplar/control grass zone
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duringMay–July 2015 and August–October 2015. Poplar and grass zone are illustrated in Fig. 1
the mean.Although the grass-clover cover was kept high during the experi-
ment (Fig. 3) due to the 3-weeks break between the two batches,
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Table 4
Annual evapotranspiration, drainage and nitrate leaching (1 m soil depth) calculated by two simulation models (CoupModel and Daisy), and their median (Kruskal-Wallis test for evapo-
transpiration and drainage), i.e., mean (gamma generalised linear mixed model for nitrate leaching) values for poplar and grass-clover. Values (95% conﬁdence interval in brackets) in
columns per model with different letters are signiﬁcantly different at p ≤ 0.05.
Variable Treatment Zone Plant CoupModel Daisy Median
Evapotranspiration
(mm)
Access to trees (AT) Poplar zone Poplar 569 (564–574)a 498 (488–574)a 534 (528–569)a
No access to trees (NAT) Poplar 560 (551–561)a 489 (486–561)a 525 (518–561)a
No trees (NT, control) Control grass zone Grass-clover 255 (254–255)c 433 (425–455)c 344 (340–354)b
Access to trees (AT) Grass zone Grass-clover 252 (246–254)c 405 (389–453)bc 328 (318–354)b
No access to trees (NAT) Grass-clover 251 (247–375)c 408 (402–417)b 332 (325–389)b
No trees (NT, control) Grass-clover 255 (254–255)c 433 (425–455)c 344 (340–354)b
Median
Drainage
(mm)
Access to trees (AT) Poplar zone Poplar 565 (536–575)a 628 (550–633)a 590 (562–599)a
No access to trees (NAT) Poplar 576 (575–583)a 635 (574–639)a 607 (575–608)a
No trees (NT, control) Control grass zone Grass-clover 956 (956–957)b 702 (669–709)b 829 (813–833)b
Access to trees (AT) Grass zone Grass-clover 957 (956–957)b 726 (675–744)bc 841 (816–851)b
No access to trees (NAT) Grass-clover 957 (837–965)b 719 (714–732)c 837 (785–843)b
No trees (NT, control) Grass-clover 956 (956–957)b 702 (669–709)b 829 (813–833)b
Mean
Nitrate leaching
(kg N ha−1)
Access to trees (AT) Poplar zone Poplar 70 (19–121)ab 71 (20.5–122)ab 71 (23–118)ab
No access to trees (NAT) Poplar 32 (1–82)a 32 (1–82)a 32 (17–81)a
No trees (NT, control) Control grass zone Grass-clover 321 (224–419)c 257 (172–342)c 289 (222–356)c
Access to trees (AT) Grass zone Grass-clover 317 (222–412)c 253 (175–331)cd 285 (221–349)c
No access to trees (NAT) Grass-clover 197 (125–270)bc 153 (90–217)bcd 175 (116–234)bc
No trees (NT, control) Grass-clover 154 (98–210)b 123 (70–175)abd 138 (90–187)b
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Table 5
Annual nitrogen balances (kg N ha−1) for the three treatments in the organic pig farm in
Denmark.
Access to trees
(AT)
No access to trees
(NAT)
No trees (NT;
control)
Feed 576 564 600
Straw 5 5 5
Atm. deposition 16 16 16
Clover ﬁxation 30 30 30
Total input 627 615 651
Weaned piglets 191 219 183
Surface balance 436 397 468
N efﬁciency (%)a 31 36 28
N losses
Ammonia
Grazing 75 73 78
Crop residues 15 15 15
Nitrous oxide
Grazing 8 7 9
Crop residues 2 2 2
Nitrogen oxides 12 12 13
Dinitrogen
Manure 24 22 26
Crop residues 6 6 6
Leachingb 175 101 206
Soil balance 118 157 113
a Calculated as ratio of weaned piglets (output) to total input.
b Values per treatment taken as a weighted average of the two zones and models
(Table 3).
1456 K. Manevski et al. / Science of the Total Environment 646 (2019) 1448–1458leaching. The area around the hut has been reported as one of the most
problematic nutrient “hotspot”, with soil nitrate concentrations of al-
most 300 NO3-N l−1 (e.g., Eriksen, 2001). In the current experiment,
soil samples collected at 60 grid points in one randomly chosen paddock
within each treatment supported high N loads in the area of the hut
(Jakobsen et al., 2018). The suction cups installed in the poplar zone
were relatively close to the hut, but those located in the control grass
zone of NT were even closer. The latter is probably the reason for the
large difference in both soil nitrate concentrations (Fig. 5) and leaching
(Table 4) between the two grass zones (more than doubled in control
grass zone compared to grass zone). This complicates a direct compari-
son between paddocks with trees (AT and NAT) and the control pad-
docks (NT), but it does emphasise the importance of taking the
location of the hut into account when designing paddocks for outdoor
sows.
4.2. Other nitrogen losses and nitrogen balances
For the grazing season, 80–87 kg N ha−1 were calculated for the two
batches as excreted by the pigs (ammonium + nitrate; Table 5). For
comparison, Olsson et al. (2014) reported about 130 kg N ha−1 excreted
by ﬁnishing pigs with access to pasture on an organic farm in Sweden.
The N on pasture during the grazing season is partially utilised by the
plants, partially metabolised and mineralised in soil, and the risk for N
leaching during the growing season is limited as long as the plant sur-
face is viable. The only Danish study with outdoor pig farming on
sandy soil with grass and the same stocking density as this study
(i.e., 1 sow 330 m−2, or 32 sows ha−1) reported nitrate leaching of
141–308 kg N ha−1 determined from measured soil nitrate concentra-
tions and modelled drainage (Eriksen et al., 2002). The same study
also reported 114 kg N ha−1 loss via ammonia volatilisation measured
with an atmospheric mass balance technique, which is comparable to
the roughly 90 kg N ha−1 reported in this study (Table 5). Ammonia
volatilisation mostly occurs due to urination and thus is largely re-
stricted to the grazing period. In addition to these N2O emission, N2
emission is another possible loss pathway following denitriﬁcation.
Monaghan and Barraclough (1993) measured N2 losses that were 13
times greater than N2O-N ﬂuxes from a clay loam soil treated with
dairy cattle urine. However, ammonia volatilisation, as well asdenitriﬁcation was not substantially different between treatments
(Table 5), and nitrate leachingwas probably themain sink for inorganic
N.
For a temperate humid climate and on a short (annual) timescale,
the results clearly showed higher N efﬁciency for the treatments with
poplars compared to the control treatment (Table 5). It should be men-
tioned that the residues of grass-clover are rich in N, whichwill eventu-
ally be released; therefore, under the studied conditions, replacing
grass-cloverwith pure grass in the paddocksmight be amore viable op-
tion, although that would not necessarily tighten the N balance as N in
feed has to be closely controlled (Halberg et al., 2010). Another possible
option is seasonal production (May–September) of lactating pigs on
grass ﬁeld followed by a nutrient-demanding main winter cereal crop,
such as wheat, barley or rye. Regarding the poplars, noteworthy is that
they can also provide additional animal beneﬁts in terms of shade dur-
ing hot periods andwind protection during cooler autumnmonths. Fur-
thermore, they can be harvested to produce wood, packaging
components and woodchips for energy use, or utilised within the farm
as bedding/rooting material for the pigs. Other beneﬁts include in-
creased soil quality in terms of nutrient cycling efﬁciency, as the roots
of poplars can function as a buffer for reducing nutrient leaching
below the root zone of alley crops (Bergeron et al., 2011), and also the
root zone soil have greater earthworm densities due to greater litter
contributions and its rapid decomposition (Thevathasan et al., 2012).
4.3. Simulated water balance and modelling uncertainties
Simulated annual evapotranspiration for the poplar was 560–569
and 489–498 mm for CoupModel and Daisy, respectively (Table 4). For
comparison, Jassal et al. (2013) measured 440 mm annual evapotrans-
piration for poplar (P. deltoides × P. petrowskyana) on clay loam in
Canada,whereas Fischer et al. (2013)measured 344–549mm for poplar
(P. nigra× P.maximowiczii) in the Czech Republic, attributing the varia-
tion to period, age and height of the stands, along with leaf area index
and state of the canopy closure. Other studies involving simulation
models reported 221 to 569 mm annual evapotranspiration for poplar
characterised by different development stages (Georgiadis et al.,
2017), or at sites with lower precipitation and young poplars that had
either not reached full canopy closure (Bloemen et al., 2017), or with
clayey sandy soil with low nutrient status (Bungart and Hüttl, 2004).
There is also an uncertainty element in comparing plant evapotranspi-
ration between studies due to differences in clone (parentage), ﬁeld
management and time periods. The LAI values used for poplar (Fig. S2
in the Supplementary information) felt within the range of
1–5 m2 m−2 for early-established SRC plantations of poplar (Liberloo
et al., 2006; Zenone et al., 2015). For grass-clover, the LAI dynamics in
autumn was reduced to mimic disturbances from the sows and piglets
and gradual decline in canopy cover during winter. As a result, simu-
lated annual evapotranspiration for grass-clover was 250 and 400 mm
for CoupModel and Daisy, respectively (Table 4), which is lower than
about 500 mm typically reported for grass-clover on coarse sandy soil
in Denmark (e.g., Pugesgaard et al., 2015). This is also because grass-
clover ﬁelds in other studies are undisturbed, cut and grown under po-
tential conditions. Even if the values of LAI for grass-clover in spring and
autumn are increased, the results would not change notably as the sim-
ulation outputs were not sensitive to change in this parameter values
(Fig. S1 in the Supplementary information).
The accumulated drainage simulated by Daisy of 620–723 mm is
within the typical values for coarse sandy soils reported by other studies
(Askegaard et al., 2005; Eriksen, 2001; Manevski et al., 2015), whereas
CoupModel simulated 568–958mm,whichwas probably overestimated
at the higher end. Even though the twomodels generate relatively sim-
ilar predictions of the nitrate leaching, they do produce rather different
predictions of drainage and evapotranspiration (as reported in Table 4).
One reason is the soil parameterisation (e.g., two versus three horizons
for Daisy and CoupModel, respectively). Due to the single year nature of
1457K. Manevski et al. / Science of the Total Environment 646 (2019) 1448–1458the study, it is not possible to further discuss inmore detail underwhich
circumstances the two methods produce different results. The models
were calibrated using different methodologies and averaging their re-
sults aimed to minimise variation (or error) due to model and/or mod-
eler (Confalonieri et al., 2016). Yet, averaging simulation outputs from
different models that used identical calibration data is not of statistical
importance, despite recent studies reporting that mean/median of
models ensemble compensates for individual model errors (Martre
et al., 2015; Yin et al., 2017a; Yin et al., 2017b). This is because models
using the same data for their optimisation are not statistically indepen-
dent variables. As discussed in Martre et al. (2015), it can be questioned
whether the superiority of models' average results to describe
agroecosystem variables is robust compared to individual models.
5. Conclusion
This study investigated the potential of silvopastoral agroforestry for
reducing nitrate leaching in outdoor organic pig farming under temper-
ate climate and sandy soils, experimentally andwith the support of sim-
ulation modelling, thereby also providing insights into the water
balance. According to the results, it is feasible to control nitrate leaching
from outdoor pig farming in Denmark through introducing poplar trees
in grass-clover paddocks. The results showed a 75% reduction in nitrate
leaching from zones with poplar trees compared with leaching from
zones with grass-clover. However, additional measures are needed to
reduce N losses on a mean area basis in paddocks with only 20% tree
cover. Also, measurements on the actual N uptake by the poplar and
the grass-clover would facilitate the optimisation of the systems in rela-
tion to N losses. Finally, CoupModel and Daisy were found to be useful
simulation tools for analyses of plant evapotranspiration andwater bal-
ance of complex agroforestry systems. Certain differences occurred be-
tween the twomodels, probably due to model calibration, whereas it is
envisaged the average of the results from the two models decrease
differences.
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